Acute respiratory infections (ARI) are a major cause of morbidity worldwide.
Given that the role of household structure in seasonal incidence and transmission of respiratory viruses was the primary objective, an individual's longitudinal history of infection was not a major focus. Indeed, during the first phase of the Tecumseh Study of Respiratory Illness, households were maintained on report for only 1 year, and then gradually replaced so that the entire community could be represented over time. 8 These historical studies relied on cell culture for virus identification, a method that requires specimens to be processed quickly and is considerably less sensitive than current molecular methods. 9 For this reason, the Tecumseh study and others relied extensively on serodiagnosis of influenza infection using twice yearly blood specimens. 10 It was not possible to time infections in those who only were serologically positive, limiting the ability to do robust analyses of transmission patterns.
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With current molecular techniques, it has become much easier to identify a broad range of agents of respiratory infection. This allows documentation of infection, co-infection and subsequent re-infection. Collecting specimens within a short time from the onset of symptoms still maximizes the likelihood of accurate and timely identification of viruses associated with a respiratory illness for studies of transmission and vaccine effectiveness. Collection of regular blood specimens continues to be valuable as well, for both virus identification and for analysis of serologic correlates of protection.
The Household Influenza Vaccine Evaluation (HIVE) Study is an ongoing prospective household cohort study that began in 2010. The HIVE Study was based on the original Tecumseh Study of Respiratory Illness 6 with several key modifications to illness surveillance and to laboratory methods for identification of respiratory viruses. While respiratory virus infections in general could be studied, the primary objective was to estimate the effectiveness of influenza vaccines using a cohort design for comparison with studies using the testnegative design (TND). Under the TND, specimens are collected from participants who meet a respiratory illness case definition, and vaccination frequency is compared between those who test positive for influenza and those who test negative. 12 The TND is focused on those individuals with illnesses severe enough to seek care, which reduces bias due to differential care-seeking behaviour but misses milder presentations of respiratory virus illnesses. [13] [14] [15] The use of a prospective cohort design has allowed inclusion of these mild illnesses in evaluations of vaccine effectiveness. Here we report on the first phase of the HIVE Study, conducted from 2010 through 2016.
Data collected
Who is included?
From 2010-2011 through 2013-2014, eligible households were those who lived within 30 miles of the study clinic in Ann Arbor MI, and who had at least four individuals who received primary care from the University of Michigan Health System (UMHS) and at least two children <18 years old; in 2014-2015 the eligibility criteria were changed to allow three-person households. We recruited or re-recruited households each summer or autumn. Previously participating households were invited to re-enroll provided that they continued to meet the eligibility criteria. We supplemented this recruitment with direct mail or email invitations to households in the source population. In total, we have collected data and specimens with active ARI surveillance for 2850 individuals from 413 households ( Table 1 ). The majority of these individuals were children <18 years of age, 73% were white (non-Hispanic), and 51% were female. The study cohort size has ranged from 943 to 1441 participants in each year (213 to 340 households), and 1822 (64%) individuals have been followed longitudinally over multiple years.
How often have they been followed up?
Active surveillance for ARI meeting a case definition was conducted seasonally (October-May) from 2010-2014. Beginning in December 2011, all household members 13 years of age were asked to contribute a blood specimen at the initial enrollment visit and at scheduled visits twice annually thereafter. Each year, autumn blood specimens (pre-season) were collected after the majority of study participants had received influenza vaccine and prior to the start of the influenza season (beginning in November). Spring (post-season) specimens were collected after local influenza circulation ended each year (May-June).
Data and specimens collected
At the annual enrollment visits, individual participants were queried about household and demographic characteristics and Advisory Committee on Immunization Practices (ACIP)-defined high-risk conditions. A detailed clinical history for these participants is extracted from the UMHS electronic medical record (EMR), or from their regular primary care provider if they are not part of the health system. Influenza vaccination information, including date, lot number, vaccine type, dose and manufacturer, was confirmed using multiple sources. Information from the Michigan Care Improvement Registry (a state-maintained repository of vaccination records that requires reporting of all childhood vaccines in Michigan) was requested for all study participants. Provider-based vaccine records were obtained directly from the UMHS EMR or through medical record requests for individuals with outside-system care providers. These records were supplemented by vaccine diary cards that were filled out by participants at the time of vaccination. There has historically been a high level of vaccine uptake in the HIVE Study population, ranging from 59-69% (Table 2) .
Respiratory specimens collected at illness visits were tested by real-time reverse transcriptase polymerase chain reaction (RT-PCR) for laboratory confirmation of influenza, using primers and probes from the Centers for Disease Control and Prevention. Influenza subtype was determined for influenza A specimens and lineage was determined for influenza B specimens. From 2010 through 2016, a total of 581 influenza infections were identified. Specimens are also tested by PCR for non-influenza respiratory viruses including respiratory syncytial virus, human metapneumovirus, parainfluenza, coronavirus and rhinovirus. Symptoms present since illness onset were recorded and participants completed a follow-up survey reporting illness outcomes (e.g. duration of symptoms, care seeking behaviour).
Blood specimens were centrifuged, and the serum was separated and stored in 1 mL aliquots at -20 C until processing in serologic assays. Collected sera were tested in parallel using hemagglutinin inhibition (HAI) assays. HAI assays use inactivated influenza vaccine subunit material (Sanofi-Pasteur) from relevant A/H3N2, A/H1N1 and B vaccine strains. Anti-neuraminidase antibody (NAI) was measured by an enzyme-linked lectin assay (ELLA) using inactivated, reassortant viral targets containing contemporary neuraminidase segments and a mismatched H6 hemagglutinin HA. 16 Antibody titres measured from blood specimens collected in the autumn have been analysed as both pre-season titres for the coming influenza season as well as post-vaccination titres for those individuals who were vaccinated prior to collection. Similarly, antibody titres measured from blood specimens collected in the spring have served as post-season titres as well as prevaccination titres in analyses for the following study year. A full description of data collected throughout study follow-up can be found in Table 3 and the timeline for key study activities can be found in Figure 1 .
Data resource use
The original aims of this study were to estimate influenza vaccine effectiveness annually and to compare those estimates with those from TND studies conducted in outpatient clinics during the same seasons. With additional funding, we have expanded on these original aims by collecting blood specimens for studies of antibody-mediated immunity, extending ARI surveillance year-round, and incorporating laboratory testing for other respiratory viruses.
Influenza vaccine effectiveness and effect of prior vaccination
Statistical analyses to estimate vaccine effectiveness were performed annually. Adjusted hazard ratios (aHR) were estimated by Cox proportional hazard models with robust variance using a sandwich estimator to account for household clustering. Adjusted models included age, high-risk health status and vaccination status. Vaccination status was modelled as a time-varying covariate, with subjects considered vaccinated 14 days after vaccine receipt. Vaccine effectiveness was calculated as 100 x .
Vaccine effectiveness (VE) has varied markedly by year and age group. In 2010-2011 and 2012-2013, for example, we observed VE against any influenza infection of approximately 30% in two of three age groups. VE was lowest among adults (18 years) in 2010-2011, however, young children (6 months to 8 years) had the lowest VE in 2012-2013. 17, 18 In 2013-2014, when influenza A/H1N1 predominated, we observed VE against community acquired influenza A/H1N1 infection of 54% (95% confidence interval -4 to 80). 19 During the 2014-2015 season, we observed no effect of vaccine on the risk of infection with antigenically drifted influenza A/H3N2, but point estimates against B Yamagata were near 50%. The estimated VE against B Yamagata appeared to be primarily driven by high effectiveness in young children. 20 In general our annual estimates of influenza VE have been consistent with those from the US Flu VE network. [21] [22] [23] [24] [25] [26] During the 2010-2011 influenza season, we found that those who had been vaccinated in the previous and current year were less protected than those who received the vaccine in the current year only. 17 This was the first time in the recent era that such a reduction was documented, thus continuing historical debates on whether repeat vaccination resulted in reduced protection. [27] [28] [29] [30] These original findings of a repeat vaccination effect prompted a furthering of the hypothesis that antibody response to vaccination was decreased after multiple annual administration of vaccines of similar antigenic make-up. In order to evaluate this hypothesis, we began collecting blood specimens in December 2011. In the 2012-13 season, the predominant circulating influenza virus was A(H3N2). Relative to those unvaccinated in both years, VE was higher in those vaccinated in the current year, lower in those vaccinated in the current and previous year, and lowest in those vaccinated in the previous year only. With the addition of blood collection in the cohort, we found that HAI titres correlated with the observed VE for the type A viruses. Lower post-vaccination titres were found among those vaccinated in both years relative to those vaccinated only in the current season. A similar difference in post-vaccination titres was not observed for influenza B in 2012-2013.
Importantly, the effects of prior season vaccination on VE and serologic susceptibility to infection have not been observed in all years. During the 2013-2014 season, a year in which influenza A(H1N1)pdm09 predominated, we found similar levels of effectiveness among those vaccinated in both the current and previous seasons compared with those vaccinated only in the current season. 19 Consistent with this finding, HAI and NAI titres against influenza A(H1N1)pdm09 were similar comparing those vaccinated in both the current and prior season to those vaccinated only in the current season. 
Correlates of protection
Antibody titres measured in twice annual blood specimens have enabled additional evaluations of the relationship between vaccination and antibody-mediated protection. The fact that participants were observed over time allowed us to demonstrate that in this highly vaccinated cohort, prevaccination antibody titres were generally high and a 4-fold rise in titre following vaccination was less frequent than expected. 19, 20 Finally, measuring antibody titres both against viruses similar to those that circulated locally and against those in the vaccine, we observed increased susceptibility among those with high vaccine-strain-specific antibody titres but low circulating-strain-specific antibody titres. 31 
Transmission of influenza viruses
Interrupting transmission is a major goal of influenza prevention strategies and could be key to controlling the burden of disease during a pandemic. The household may be an effective place to accomplish this goal due to the high proportion of transmission estimated to occur in this setting. We have used standard epidemiologic methods to estimate serial intervals by virus type and to identify household and individual level characteristics associated with secondary infection risk. 32 These methods remain susceptible to misclassification of a transmission event, as infections are generally linked retrospectively based on the time between onset of each illness and viral type and subtype despite continued risk of infection from the community. We have attempted to address this potential for misclassification in two ways. First, it is now possible using next-generation sequencing to differentiate the two types of transmission on the basis of genetic similarity as we have demonstrated with influenza A viruses. 33 Second,
we have adapted individual-based transmission models to account for risk of infection from both the community and the household and to allow for chains of transmission. 34 
Frequency and seasonality of respiratory viruses
The HIVE Study from the start has identified viruses other than influenza, and, for one season, bacterial agents associated with respiratory illnesses. 35 Surveillance initially extended through much of the respiratory season and has been conducted year-round since October 2014; thus it has been possible to determine seasonality of these respiratory viruses. 36 In addition, the detection of multiple respiratory viruses has allowed us to describe the frequency of coinfection in different age groups. 36 Future research and data collection plans
The HIVE Study has recently received continued core funding and is now recruiting existing and new households into a second phase of the cohort. A commitment to 5 years of follow-up with year-round surveillance for ARI is now required of those entering the study. Blood specimen collection, which in the past was limited to those 13 years of age, is now extended to younger children and includes collection of peripheral blood mononuclear cells (PBMCs) for 
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Enrollment / Re-engagement Blood CollecƟon ARI Surveillance studies of cell-mediated immunity. In addition, targeted recruitment strategies are now focused on children <36 months old and their households in an effort to study infections and immune response in early life.
Strengths and weaknesses
The main strength of the HIVE Study is the longitudinal, prospective study design with intensive data collection. Active surveillance for symptomatic illness with collection of respiratory specimens for laboratory-confirmation of influenza and other viruses allows for calculations of the incidence and determinants of infection over time, and builds on previous cohorts in the region that defined illness based on serology alone. Using multiple sources, including participant medical records, to document influenza vaccination status and regular serologic sampling are major strengths of the cohort. The number of participants that have been prospectively followed for multiple years has enabled multi-year studies of immune response to infection and vaccination, studies that are increasingly important for understanding how individual influenza immunity evolves over time. 37 The illness sampling strategy requires participant symptom reporting. It is therefore important to note that subclinical infections are not captured by illness sampling, as this would require routine swabs in symptom-free individuals. However, the availability of end-of-season serologic specimens allows for analysis for uncaptured influenza virus infections in unvaccinated individuals. The intensive data collection increases the burden on study participants. It is therefore necessary to build relationships with the community to ensure enrollment and long-term participation. As a result the study is resource intensive and the study population is limited in terms of both sample size and generalizability. In particular the source population from which participants is drawn is limited geographically to households who are able to travel to the University of Michigan study site for enrollment visits, blood draws and illness specimen collection. The HIVE Study population consists of suburban residents and largely reflects the high education level and vaccination uptake in our region. One approach to increase sample size and generalizability would be to establish multi-site cohorts, presenting logistical considerations that might be challenging to unify under a common protocol. Indeed, other longitudinal cohorts of respiratory illness have used varied recruitment strategies or follow-up methods tailored to their unique communities. 38, 39 Our history of involvement in this community, stretching back to the 1960s, has given us the opportunity to optimize the cohort for longterm success.
Data resource access
The investigators regularly collaborate with others to address key questions in respiratory virus epidemiology and immune correlates of protection. Proposals for future collaborations using HIVE Study specimens and data can be submitted to the study investigators for consideration.
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Profile in a nutshell
• The HIVE Study is a prospective cohort of households with children originally established to estimate influenza vaccine effectiveness on an annual basis. It now examines the incidence, etiology and determinants of influenza and other respiratory pathogens.
• We recruited 2850 individuals from 652 households who have participated in at least one year of active surveillance from June 2010-May 2016. Of these, 1686 (59%) individuals were children <18 years old at enrollment. Additional recruitment and study follow-up is currently ongoing.
• Households were contacted weekly to ascertain incident ARI seasonally (approximately October-May) from 2010-2014 and year-round beginning in October 2014. Blood specimens were collected from participants 13 years of age at up to two time points each year. A total of 417 (64%) households participated for more than one season. Illnesses are now followed year round.
• We collected longitudinal data on demographics, health history, influenza vaccination status and ARI incidence. We collected specimens to detect occurrence by RT-PCR of influenza and other respiratory viruses and serum to determine antibody titres to hemagglutinin and neuraminidase. Specimens are archived.
• Investigators interested in learning more about the HIVE Study as well as data and specimen availability are welcome to email the study investigators.
